A numerical investigation was carried out for a blunt body with a circular sonic air jet normally injected into a hypersonic flow from the body surface, where the angle of attack was changed up to 40 • . Computed results were compared with the experimental data collected using the shock tunnel of Nagoya University. The aerodynamic interaction due to the jet creates complicated flow fields, which are rather difficult to analyze alone experimentally. The computed results show good agreement with the experimental data with regard to surface pressure distribution and schlieren visualization. It was found that at rather low angles of attack, two vortices, i.e., a separation vortex and a horseshoe vortex, are formed inside the separated boundary layer upstream of the jet. The location of these vortices corresponds to low-pressure regions in the pressure distribution. On the other hand, at a rather high angle of attack, the interaction produces a complex flow field, where vortices have little influence on the pressure distribution. Finally the jet interaction was found to enhance the jet reaction forces by about 35% -45 % on the body surface, the value of which is close to the experimental data.
: free-stream condition
Introduction
Conventional control surfaces are difficult for controlling the maneuvers of a flight vehicle under the situation of a low-density atmosphere or considerable aerodynamic heating at hypersonic speeds. The lateral jet control of a re-entry vehicle has an advantage over conventional control surfaces in that it does not affect the external aerodynamics of the flight vehicle except during the jet-activated period. 1) Even in the situation where interaction forces become very small, as in rarefied flows, jet thrust itself is still available for control. The flow field that results from the interaction between the jet and the external flow is complicated, the current understanding of which relies heavily on experimental data.
2)
The concept of high-speed flight vehicles equipped with a side jet to control their attitude has been investigated since the 1960s, where many researchers have examined the flat plate problem 3) or the slender body problem 2, 4) with a side jet in high-speed flows at low attack angles. Thus, many characteristic features have been clarified with regard to the aerodynamic interaction due to the side jet. 5, 6) In addition, several analytical models to explain those features have been proposed. 7) However, the characteristics of blunted bodies with side jet control and c 2009 The Japan Society for Aeronautical and Space Sciences * Currently Kawasaki Heavy Industries, Ltd, Gifu Aerospace Works, Kakamigahara, Japan + Currently Japan Aerospace Exploration Agency, Sagamihara, Japan the effects of the angle of attack on aerodynamic interaction are limited in literature and rely on experiments.
8, 9, 10, 11) Kurita et al. 9) conducted extensive experimental investigations to explore the side jet interaction in a supersonic flow. The surface oil flow visualization in their investigation provided a good understanding of the flow structure with interaction. Their work was extended to hypersonic flow 10, 11) using the shock tunnel at Nagoya University. As this shock tunnel has a testing duration of about 50 milliseconds, it is difficult to perform detailed investigations including surface oil flow visualization to examine properties of the interaction.
Oil streak lines in the oil flow visualization technique are the same as the skin friction lines (i.e., the loci of the local skin friction vectors). Skin friction patterns containing swept lines of attachment, separation, and reattachment, in association with a limited number of singular points (nodes and saddles) constitute the skeleton structure around which the elements of the entire flow field can be assembled.
12)
It should be noted that skin friction patterns can be easily misinterpreted. Moreover, it is difficult to construct the correct external flow field from surface flow patterns.
In the meantime, numerical simulation can produce extensive and detailed flow information that cannot be provided experimentally. Therefore, it is indispensable to investigate this complex aerodynamic interaction problem using computational fluid dynamics (CFD). However, even in this case, experimental data are still useful to compare simulated results.
The main objective of the present work is to quantitively and qualitatively clarify the mechanism of jetinteracted flow fields at a hypersonic speed for a blunt body, based on numerical simulation, including the pressure distribution near the side jet nozzle and the effect of the angle of attack on the side jet interaction with the blunt body. Characteristics of skin friction patterns, at different angles of attack, obtained from numerical simulation and thier associated flow fields are presented in this paper.
Flow Conditions
The same blunt body model as investigated by Kurita et al. 10) is considered in the present study, which is a 10 o half-angle blunted cone with a circular sonic jet nozzle installed flush-mounted on the body surface. A schematic of the model employed in this study is shown in Fig. 1 along with the coordinate system.
The freestream and jet conditions are summarized in Tables 1 and 2 , respectively. The ratio of the jet static pressure p j to the uniform flow static pressure p ∞ , which is referred to as the nozzle pressure ratio (NPR), is NPR = p j /p ∞ = 1.01 × 10 3 . 
Reynolds number Re L = 7.5×10
5

Working fluid Air
The mass flow ratio of the jet to the freestream, m, is defined by:
In this study,ṁ = 5.34 × 10 −2 . In addition, the momentum flux ratio, φ j /φ ∞ , is defined by:
In this study, φ j /φ ∞ = 1.31 × 10 −2 . 
Numerical Method and Grid System
An explicit Navier-Stokes solver based on the finite volume formulation was employed for the present flow simulation. The inviscd numerical fluxes are obtained by AUSM 13) along with the third-order monotonic upwind scheme for conservation law (MUSCL). The viscous terms are approximated by centralized differentiation, and time integration is carried out by the second-order Runge-Kutta scheme. Computations were performed by the Nagoya University supercomputer (Fujitsu PRIMEPOWER HPC2500) using 10 CPUs.
The computational grid system employed in the present study consists of two blocks. The first block is for the three-dimensional model alone. The number of grid points along the body surface is 135 points in the streamwise direction, where the minimum grid spacing is 1.0 × 10 −4 . The number of grid points in other directions is 50 points for each direction with the same minimum grid spacing as that in the streamwise direction. Thus, the total number of grid points for the first block system is 337,500. The first block extends 1.2L along the negative x-axis and 1.6L in the radial direction.
The second block is for the base and wake regions. This block consists of 50 points in the streamwise direction, 100 points in the radial direction, and 50 points in the circumferential direction. The second block extends 1.6L in the radial direction and 1.7L along the positive x-axis. Thus, the total number of grid points for these two blocks is 587,500, and the grid system is shown in Fig. 2 . o . The computed flow pattern captures several flow characteristics such as the jet bow shock and the separation shock which were caused by the side jet emitted from the body surface.
A close-up of velocity vectors in the jet flow and its interaction with neighboring flows and pressure distribution in the symmetric plane as well as the surface flow pattern are shown in Fig. 4(a) , where its schematics for flow features are illustrated in Fig.  4 (b). The surface pressure upstream of the jet increases due to the jet bow shock (JBS), so that the adverse pressure gradient is produced there and at the wall, which leads to boundary layer separation (SBL) and separation shock (JSC).
The jet bow shock acts as a wall to the incoming flow, which extends laterally around the jet. From the velocity vectors shown in Fig. 4 (a), three vortices can be observed. Upstream of the jet, a clockwise separation vortex (V1) and a counterclockwise horseshoe vortex (V2) exist, while downstream of the jet, a clockwise recompression vortex (V3) exists. Their significance on the interacting flow fields will be discussed later in detail. The pressure distribution along the body surface on the leeward side in the symmetry plane is shown in Fig. 5 . The marks represent experimental data, and the lines for numerical results; the solid line is for jet-on case and the dotted line for jet-off case. The point at x/L = 0 corresponds to the jet center.
Both the experimental and numerical results are in reasonable agreement. In the jet-on case, the first increase in pressure occurs at about x/L ≈ −0.28. This is caused by the separation shock due to the boundary layer separation. Another high-pressure point is seen at x/L ≈ −0.06 with p/p ∞ = 21.0 due to the jet bow shock, where a flow reversal occurs near the wall as shown in Fig. 4 . Figure 6 shows the computed surface flow patterns and pressure distribution on the body surface for jet-on and jet-off cases. The flow is attached everywhere in the jet-off case as shown in Fig. 6(a) . All skin friction lines originate at the nodal point of attachment at the nose. The jet injection dramatically alters the topological structure of the pattern of skin friction lines on the leeward side near the base. The flow separation occurs upstream of the jet on the leeward side along the separation line (S1), which is located at x/L ≈ −0.25 on the symmetry plane and extends to the base at a meridian angle of θ ≈ ±90
o . Three saddle points are observed on this separation line (S1), which identifies it as global flow separation line. The secondary flow separation line (S2) occurs on the leeward side downstream of the reattachment line (R1) at x/L ≈ −0.11 on the symmetry plane back to the base at θ ≈ ±85
o . The flow separation due to the separation vortex (V1), shown in Fig. 4(b) , is contributed to the occurrence of the secondary separation line (S2). Flow reattaches again on the leeward side at x/L ≈ −0.05 on the symmetry plane and extends back to x/L ≈ +0.025, θ ≈ ±30 o along the reattachment line (R2). The flow reattaches due to the flow circulation from the separation vortex (V1) and horseshoe vortex (V2), shown in Fig. 4(b) . These two vortices decrease the surface pressure, which corresponds to at x/L = −0.08 and x/L = −0.021 in It should be noted that, such surface flow patterns can be produced in wind tunnels using the oil flow visualization technique if the running time of the tunnel is long enough. However, the present shock tunnel has a running time of less than 100 milliseconds, which makes the oil flow visualization technique difficult to apply in these experiments.
14) Therefore, the present computations are indispensable to understand the jet flow field interaction with the available limited experimental results. Incidentally, there is a large difference between the jet-on and jet-off cases in the wake flow pattern; the low-pressure region in the jet-on case extends more in the lateral direction compared with that in the jet-off case, as shown in Fig. 7 . In experiments, the effect of side jet on the wake structure cannot be studied due to the effect of a supporting sting. o . Reasonable agreement between them is obtained. The main bow shock, the jet bow shock and the jet boundary are captured by computations and are in reasonable agreement with the experimental results shown in Fig. 8(a) . The separation shock is clearly shown as a dark thick line at the leeward side near the surface in Fig. 8(b) . Comparing the results of α = 0 o and 20 o , it is found that the separation shock is located closer to the nose in the case of α = 20 o than α = 0 o , which agrees with the experimental observation. In addition, the jet boundary expands larger than the case of α = 0 o , as shown in Fig. 3 . The pressure distributions along the body surface on the leeward side in the symmetry plane are shown in Fig. 9 . Note that the vertical scale is different between α = 0 o and α = 20 o , where the pressure has been reduced on the leeward side in the case of α = 20 o . The general tendency is similar in both cases. Since the jet becomes stronger relative to the ambient pressure in the case of α = 20 o , the pressure increase leading to boundary layer separation propagates further upstream. Figure 10 shows the computed surface flow patterns and pressure distribution on the body surface for jet-on and jet-off cases. The surface flow patterns are also depicted in the schematics shown in this figure. At this angle of attack without the jet injection, as shown in Fig. 10(a,b) , the topological structure of the pattern of skin friction lines is considerably altered compared with the similar case of α = 0 o . All skin friction lines again originate at the nodal point of attachment. The crossflow caused by incident is clearly shown. The angle δ s that the skin-friction lines greet the body axis was measured along the sides at θ ≈ ±90 o . Near the nose, x/L ≈ −0.85, δ s = 22 o , which is about 0.5 the potential angle 15) at the edge of the boundary layer of δ e = 2α = 40 o . Rearward of x/L ≈ −0.85, the surface flow angle increases with increasing length until δ s = 45 o at the base, which is close to δ e . The significantly lower flow angles near the nose mean that local flow velocity distribution is skewed in the direction aft of the inviscid streamline. It should be noted that the favorable crossflow pressure gradient is responsible for the increase in flow angle as shown from the pressure distribution on the body surface presented in Fig. 10(a) . o . Emanating from a node rather than a saddle point, this particular line qualifies as a local line of separation.
12)
The computed surface flow patterns and pressure distribution on the body surface for jet-on are shown in Figure 10 (c). The surface flow pattern schematic is shown in Fig. 10(d) . The jet injection dramatically alters the topological structure of the pattern of skin friction lines on the leeward side near the base compared to the jet-off case. The topological structure is similar to the corresponding case of α = 0 o . The flow separation occurs upstream of the jet on the leeward side at the separation line (S1) located at x/L ≈ −0.32, θ ≈ ±7 o and extends to the base at θ ≈ ±65 o , which propagates further upstream compared with the corresponding case of α = 0 o . Three saddle points are observed on this separation line (S1), which identifies it as a global flow separation line.
12) The region of reverse flow exists downstream of this separation line (S1) on the leeward side and is bounded by the reattachment line (R1) at x/L ≈ −0.18 on the symmetry plane and extends downstream to x/L ≈ −0.1, θ ≈ ±39 o . It should be noted that the region of reverse flow on the symmetry plane extends further downstream to x/L ≈ −0.06. The slight increase in pressure around x/L ≈ −0.18 shown in Fig. 9 is attributed to flow reattachement at this point.
The flow separation due to the separation vortex is contributed to the occurrence of the secondary separation line (S2). This line occurs on the leeward side downstream of the reattachment line (R1) at x/L ≈ −0.14 on the symmetry plane and extends back to x/L ≈ −0.09, θ ≈ ±39
o . Flow reattaches again on the leeward side at x/L ≈ −0.06 on the symmetry plane and extends back to x/L ≈ +0.04, θ ≈ ±17 o along the reattachment line (R2). The flow reattaches due to the flow circulation from the separation vortex and horseshoe vortex. These two vortices decrease the surface pressure, which corresponds to x/L ≈ −0.15 and x/L ≈ −0.02, shown in Fig. 9 . The increase in pressure around x/L ≈ −0.06 in Fig. 9 is attributed to the jet bow shock wave. These trends in pressure computations show reasonable agreement with the experiment. Downstream of the jet and at θ ≈ ±8 o , two spiral separation nodes can be observed as shown in Fig. 10(c, d) .
Since the main flow has rather low pressure on the leeward side for α = 20 o due to the separation vortices, the jet flow expands larger than the case of α = 0 o . Passing through the jet bow shock wave, the flow goes toward the surface. After impinging the surface, most of the flow changes direction toward the jet, because the pressure in the expanding jet flow is low. Less reversed flow appears in the case α = 20 o , resulting in a weak separation vortex compared with the case of α = 0 o . On the other hand, the separation and horseshoe vortices still exist and affect the pressure distribution, as in the case of α = 0 o . o . Both the blunt body bow shock and weak jet bow shock are captured in computations with reasonable agreement with the experiments. The computed pressure field (not presented here) shows that there are also weak shock waves caused by boundary layer separation. Com-pared with the lower attack angle cases, the locations moves upstream.
The pressure distributions along the body surface on the leeward side in the symmetry plane are shown in Fig. 12 . The pressure increase at x/L = −0.04 is attributed to the jet bow shock wave. The tendency is slightly different from the previous two cases. As shown before, the clockwise vortex does not exist in this case. Moreover, the influence of the counterclockwise vortex on the surface pressure becomes weak. However, a massive separated flow region, which is not observed in the plane of symmetry of the model, still exists upstream of the jet. o can be observed. The computed surface flow patterns and pressure distribution on the body surface for jet-on are shown in Fig. 13(c) . The surface flow pattern schematic is shown in Fig. 13(d) . The jet injection alters the topological structure of the pattern of skin friction lines on the leeward side compared to the jet-off case. Global flow separation occurs on the leeward side along the separation line (S1), which is located at x/L ≈ −0.66 on the symmetry plane and extends to the base at θ ≈ ±42
o . Similar to the jet-off case, a small reverse flow bubble is formed on the leeward side between −0.66 ≤ x/L ≤ −0.54. The flow from the primary separation vortex reattaches at θ = 0 o and moves toward the separation line (S1). A large part of this reattached flow moves in the downstream direction, where it bypasses the jet and separates along the separation line (S2). Reverse flow downstream of the jet can be observed. There are neither secondary separation lines nor reattachment lines observed with the jet-on case. From the velocity vector distribution at x/L = 0 plane (not presented here) for the two cases:
o and 40 o , it is found that the jet expands larger at α = 40 o . Due to the high-pressure region caused by the jet bow shock, the flow is blocked by the jet in the case of α = 20 o , creating a vortex. This vortex also decreases the surface pressure. This vortex seems to be weakened in the α = 40 o case.
Jet amplification factor
The jet amplification factor can be defined as follows:
where ∆F i is the force produced by the interaction and Υ V A is the reaction force by the jet injected into a vacuum.
The jet thrust is obtained by assuming that the jet injects into a vacuum as an isentropic flow as follows:
The amplification due to the side jet aerodynamic interaction is composed of two parts: the extent of an interaction region and the magnitude of pressure increase. When there is no aerodynamic interaction force, the amplification factor becomes unity. This factor usually attains the value of more than two in two-dimensional cases, 3) while in three dimensional case it becomes lower than that 2, 4, 16, 17) . The results of the jet amplification factor are shown in Table 3 . Both computational and experimental results are in good agreement. These results indicate that the interaction enhances the jet reaction forces, where about 35% -45% of the jet reaction force acts on the surface due to the interaction. Thus, this influence cannot be neglected.
Conclusions
Numerical simulations were carried out to explore the aerodynamic interaction between a hypersonic flow and a sonic side jet emitted normally from the surface of the leeward side of a blunt body. The numerical simulation showed reasonable agreement with experimental data in terms of schlieren visualization and surface pressure measurement. Based upon the results presented above, the following conclusions can be drawn:
1. At low-and middle-angles of attack, it is made clear that both the separation vortex and horseshoe vortex are formed inside the separated boundary layer upstream of the side jet. Their presence was reflected in the measured surface pressure, and it was made clear that they are responsible for the drops observed in the pressure distributions.
2. High angle of attack results showed that the role of vortices have little influence on the pressure distribution and the interaction of the jet with external flow produces a complex flow field that may be difficult to characterize using a simpler approach.
7)
3. The jet force amplification results indicate that the interaction enhances the jet reaction forces, where 35% -45% of the jet reaction force acts on the surface due to the interaction. Thus, this influence cannot be neglected. These results depend on both the high pressure body surface area and the jet strength and show nonlinear characteristics with angle of attack.
